ABSTRACT
INTRODUCTION
Transformers are made up of a magnetic core, which may vary in design, responsible for the correlation of the magnetic flow and for a pair of copper or aluminum windings responsible for the voltage and current level between the primary and secondary terminals. The efficiency rate lies between 95 and 99% [1] . Within the distribution system transformers are responsible for one third of total losses [2] . Hence, the total losses are important in determining the total operational costs of the transformer. The total cost includes the transformer purchasing price and the capitalized no-load and load losses. Through the harmonization documents -HD 428 and HD 538 -the European Union presents three levels of no-load losses and load losses aiming at minimizing the capitalized losses in the grid. The United States combines the efficiency level at 50% of the load, following the NEMA TP-1 standard, with the total cost according to the Technical Support Document (TSD) [3] . The objective of the efficient transformer application project is to define an efficient design in terms of power utilization for usage in the AES Sul Utility network. The economic decision is also based on the definition of the load profiles of the transformer sets installed in the concession area.
The transformer design evaluation consists of acquiring the performance data of the national standard design and of the field and laboratory efficient design. The comparison of these results will establish a parameter for the definition of acceptance tests and routine tests. Analysis of results between transformers permits the finding of a calculation method of the capitalized losses and risks, considering in addition the overload profile between the standard and the efficient design for the aging indicator evaluation. As a result of this, the purchasing process of transformers is optimized in the form of costs versus benefits and a good power supply continuity indicator. The proposal of this study is divided between the evaluation of the load profiles, choice of location for the installation of the efficient transformers, determination of the adequate design for the grid loss reduction and economic analysis.
LOAD BEHAVIOR STUDY
The choice of position for replacement by efficient transformers considers load variations, the regional location, and the manufacturing process. The selected points are grouped in sets according to their characteristics. The seasonal variation is obtained during the load data acquisition. This stage is made up of 43 measurements for each transformer size: single-phase of 5, 10 and 15 kVA and three-phase of 30, 45 and 75 kVA. The measurement data is stored in mass memory at fiveminute intervals according to the configuration of the equipment used. This data is statistically analyzed in order to ensure the representation of the load set per transformer output. The statistical preparation of data is carried out through a Java computer program software. in order to reach a typical load curve representing a specific output. The objective is to minimize the losses without jeopardizing the utility inventory management policy.
MANUFACTURING AND TOTAL COST SURFACES
The manufacturing and total cost surfaces show a set of design possibilities considering manufacturing cost and total cost versus no-load and load losses. This method indicates the interaction between investment and operational costs and losses. The manufacturing costs consider the quantity and the price of the commodities used for building the transformer, as defined by (1) . [6, 7] .
Where: C Manufacturing is the manufacturing cost in US$; C fixed is the transformer fixed cost in US$; C core is the core material cost in US$; C copper is the cost of copper in US$; M core is the core total mass in kg; M copper is the copper total mass in coils in kg.
The total, or operational, cost of a distribution transformer is obtained by adding the manufacturing costs to the no-load loss costs, and to the load losses considering a daily loading cycle, as shown by (2). [5] .
Where:
C W0 is the cost of no-load losses in US$; C WL is the cost of load losses in US$; C Total is the total cost of transformer in US$; C TR/Analysis is the transformer cost in US$.
The first step of this method considers variations in design parameters: magnetic induction density -no-load losses, LV winding current density and HV winding current density -load losses. Each point on the manufacturing surfaces - Figure 1 -represents a transformer design. The total cost depends on the impact of the energy costs on the no-load and load losses. The load loss costs can be calculated based on a parameter defined as "Time supplying the maximum rated power", TSMP, (3) or the period of the day, in hours, that the transformer operates in full load condition with the same area -"energy" -below the load cycle profile. Figure 2 shows the load cycle used to calculate the total costs in this paper. The TSMP is 8.72. The behavior of the total cost surfaces versus losses for the load cycle of Figure  2 is shown in Figure 3 .
Fig. 2 -Load cycle used as an example to generate the total cost surface presented in Figure 3 
DESIGN SURFACES: ESTABLISHING A SET OF SOLUTIONS
The second step of this method is to define sets of solutions. The searching tool will search for an optimal design in these sets. Three-dimensional matrixes are built considering the following design parameters: a) thickness of the LV winding conductor; b) width of the LV winding conductor; c) diameter of the HV winding conductor; d) magnetic induction; e) insulation thickness; f) clamp dimensions; g) design of the end insulation; h) Gap between LV and HV windings. This method considers design possibilities stored in threedimensional matrixes (11x11x22). The design surfaces allow verifying the influence of each constructive parameter on the losses and the associated manufacturing cost impact. Considering the current density of the HV winding and magnetic induction as being constant, it is possible to verify that the increase of the thickness of LV conductor results in two opposite effects; the decrease of the load losses and the increase of the noload losses, effects that must be properly balanced. It is also observed that the short circuit impedance is acceptable only for a determined thickness range of the LV conductors. For this specific transformer design, the behavior of short circuit impedance is as shown in Figure 5 , where variations on the current density of the HV winding, on the insulation thickness and on the magnetic induction were considered. The shape of this trend is not standard once it depends on the transformer rated power, rate voltages and supplied load. Therefore each specific case must be properly studied and analyzed. Prague 
OPTIMAL DESIGN RELATED TO THE TIME SUPPLYING THE MAXIMUM RATED POWER
In this paper, the economic restrictions for the application of the proposed optimization process are: an energy cost of 59.87 US$/MWh, an interest rate of 8% per year, and a 10-year analysis period. There are several efficient transformers to supply the load. Some of them have the "best" manufacturing characteristic and therefore are a logical choice. In theory this is the "optimal technical and economic solution": One efficient transformer per load. However, spare, maintenance and purchase polices of the utility, together with mass manufacturing restrictions can modify this and, in the end the final design option may point to a "unique" solution, with an improved economic profile. Figure 2 shows a daily load cycle with a TSMP of 8.7. This case considered variations on the current density of the HV windings, on the insulation thickness and on the gap between the LV and HV windings, a different solution compared with the previous one. Tables 1 and 2 show a comparison of the technical and economic characteristics presented by the efficient and standard designs. The set of results presents one local and seven global minimum points. In this case, one recommended solution is a design (k=2), which presents a reduction of 30% in the current density of the HV winding, 10% of insulation thickness and 20% of the gap between the LV and HV windings when compared to the standard project of a distribution transformer. This can be attractive due to the fact that the technical and economic characteristics are quite close and that this solution presents a lower manufacturing cost compared to the local minimum point (k=0), reducing the investment. of steel silicon is 1.68 Watts/kg (E004). Table 3 show a comparison between the economic characteristics presented by the efficient and standard designs. The set of results presents one local and three global minimum points. These studies presented have a different number of global minimum points. It is a normal result and is related to the optimization process and to some technical restrictions. Figure 7 and 8 present the comparison between total cost surfaces with different magnetic induction of steel silicon. 
CONCLUSION
The time supplying maximum rated power (TSMP) is the first parameter to be considered in the design of an efficient distribution transformer. This is related to the influence this parameter bears on the cost of the transformer design, mainly because it directly controls the load losses and plays an important indirect role in controlling the no-load losses. A statistical study of the load is necessary to define one or several load profiles. The probability distribution is Logistic for the majority of readings in this case. However, statistical analysis fails to identify economic losses and errors when used as a tool to identify the most efficient design. The spare and maintenance policies of the utility also play an important role in the process of loss cost reduction. Therefore, these issues, together with transformer sampling to define design loads, are key factors to reach optimal solutions and must be object of careful consideration. As shown, each load profile presents a set of efficient transformers. This is not a practical solution for a utility; however, this can be useful for industrial consumers. The final choice must consider financial restrictions, manufacturing process restrictions and recommendations, the price of the main transformer commodities, the utility internal policy and governmental energy saving regulations, all of which are normally conflicting issues and therefore must be properly balanced.
